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a b s t r a c t

This paper investigates the performance of a multi-user relay-assisted hybrid Free Space Optical/Radio
Frequency (FSO/RF) communication system. The proposed dual-hop structure is particularly suitable
for areas, in which direct RF communication between mobile users and base station is not possible
due to bad channel conditions. In this system, mobile users are connected to the base station with
the help of a fixed gain or adaptive gain amplify and forward relay. It is the first time that effect
of the number of users on the performance of a dual-hop hybrid FSO/RF structure is investigated.
Also, it is the first time that the performance of a dual-hop hybrid FSO/RF is investigated in Negative
Exponential atmospheric turbulence (saturate atmospheric turbulence regime). Considering FSO link at
a wide range of atmospheric turbulence regimes, from moderate to saturate, closed-form expressions
are derived for Bit Error Rate (BER) and outage probability (Pout ) of the proposed structure. The
MATLAB simulations verified the accuracy of the derived expressions. It is shown that the performance
of adaptive gain relaying is less sensitive to the number of users; therefore, this structure is suitable for
areas with variable population density. Fixed gain relaying is shown to perform better than adaptive
gain relaying. This is because although the fixed gain scheme has low complexity, it assumes much
more power, which causes favorable even in the worst case scenario. Therefore, this structure is
suitable for the situation that the relay could not deserve much complexity. Accordingly and due to
favorable performance at a wide range of atmospheric turbulence, the proposed structure is a special
case for low cost, low complexity, and reliable communication.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Free Space Optical (FSO) communication system is a timely
field of research study [1,2]. This is due to the high data rate,
bandwidth, security, unlicensed spectrum, as well as easy and
low-cost installation [3,4]. In contrast to these advantages, the
FSO system is highly sensitive to atmospheric turbulence, and
the effect of pointing error. Scintillation, as an effect of atmo-
spheric turbulence, fluctuates the intensity of the received light
and degrades the performance of FSO system [5,6]. This effect
could be reduced by aperture averaging technique, in which
the receiver aperture diameter is changed adaptively based on
Channel State Information (CSI). The pointing error effect, which
is caused by building sway in the wind, small earthquakes, and
building vibrations, severely affects the performance of FSO sys-
tem [7–10]. However, it could be reduced by increasing the
beam diameter [11]. In order to investigate the effects of at-
mospheric turbulence and pointing error on the performance of
FSO system, various statistical distributions have been released.

∗ Corresponding author.
E-mail addresses: m_amirabadi@elec.iust.ac.ir (M.A. Amirabadi),

Vakili@iust.ac.ir (V. Tabataba Vakili).

The lognormal distribution is used to model weak atmospheric
turbulence [12], Gamma–Gamma distribution is used to model
weak to strong atmospheric turbulence [13–16], and Negative
Exponential distribution is used to model saturate atmospheric
turbulence [17].

Impacts of communication channel on FSO and millimeter
wave Radio Frequency (RF) signals are not the same; for example,
in FSO link the main performance degradation factors are point-
ing error and atmospheric turbulence, and the rain does not affect
it so much; in contrast, RF link is sensitive to heavy rain and does
not care about pointing error and atmospheric turbulence [18].
Actually, FSO and RF links are the complements of each other, and
their combination increases link reliability and improves system
performance [19]. The so-called hybrid FSO/RF systems are avail-
able in parallel and series structures. In parallel structure, either
both FSO and RF links transmit data at the same time or one of
them transmit data and the other one acts as a back-up link. In
series structures, FSO and RF links are connected through a relay
station [11]. These systems have advantages of FSO, RF, and relay-
assisted systems, such as high bandwidth, reliability, accessibility,
and performance. Actually, in areas with bad channel conditions,
mobile users might not be able to communicate with the base
station, therefore, the series structure could be really useful in
these areas.
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Different relaying protocols have been used in relay-assisted
hybrid FSO/RF system, for example, amplify and forward, decode
and forward, demodulate and forward; among them amplify and
forward is very simple and mostly used [11]. Because it does not
need any demodulating or decoding or detecting at the relay,
it just amplifies the received signal with fixed or adaptive gain
(based on the availability of CSI at the relay) and forwards it.
Therefore, this protocol is suitable for the long-range link, bad
communication channel conditions, or situations with power de-
mand on the transmitter side. According that this paper tries
to investigate performance at saturate regime of atmospheric
turbulence, amplify and forward is selected as relay protocol. In
addition, the considered link (between mobile and base station)
is short and using amplify and forward (lonely) results in favor-
able performance (see results); so, there is no need to decode
before amplification. The fixed gain scheme has low complexity,
and is flexible because the amplification gain could be selected
manually; by selecting a high amplification gain (and correspond-
ingly assuming more power), it could have favorable performance
even at worst case scenario. On the other hand, the adaptive
gain scheme has more complexity (requires CSI) and its gain is
changed based on channel CSI.

Various Direct Detection/Intensity Modulation (IM /DD) for-
mats are used in the FSO systems. One of the most widely used
modulations is On–Off keying (OOK), in which detection must
be done according to a threshold based on CSI. Another well-
known modulation is pulse position modulation (PPM) that does
not require adaptive threshold detection but has less spectral
efficiency than OOK. Subcarrier intensity modulation (SIM), due
to higher spectral efficiency over PPM and OOK, is an appropriate
alternative for PPM and OOK but requires carrier phase and
frequency synchronization [20].

The current dual-hop hybrid FSO/RF links could be divided into
two main categories, including with [21–25] and without [11,26–
39] direct (back-up) connection between source and destination;
each of these two categories could be divided into two main sub-
categories, including single-user [11,23,24,27,30–32,36–40] and
multi-user [21,22,26,28,29,33–35]. In multi-user schemes, differ-
ent allocation approaches are used. The Gamma–Gamma atmo-
spheric turbulence, (due to high accompany with experimental
results for weak to strong regime) is mostly used in FSO link [11,
21–24,26–31,34,36–40]; however, some works considered M-
distribution [32,33,41,42], Exponential Weibull [35], and Alpha-
Mu [25] distributions. Again, due to high accompany with exper-
imental results, (in Line Of Sight links) the Rayleigh fading [21,23,
27,31–33,36–39] and (in multi-path links) the Nakagami-m [11,
22,28–30,34–36] fading are mostly considered for RF link, and
few works considered Rician distribution [26].

According to the above literature review, and to the best of au-
thors’ knowledge, the novelties and contributions of this system
(among dual-hop hybrid FSO/RF systems) include: considering
the selection of the best user scenario (in multi-user system),
considering wide range of atmospheric turbulence frommoderate
to saturate, considering Negative exponential distribution (satu-
rate atmospheric turbulence regime), investigating the effect of
number of users on the performance. In this paper, a multi-user
relay-assisted hybrid FSO/RF communication system is presented.
In this structure, mobile users are connected to the base station
with the help of either fixed gain or adaptive gain amplify and
forward relay. The first link is RF with Rayleigh fading, the second
link is FSO with Gamma–Gamma atmospheric turbulence consid-
ering the effect of pointing error (in moderate to strong regimes),
and Negative Exponential atmospheric turbulence (in saturate
regime). Closed form expressions are derived for BER and Pout of
the proposed system, and verified through MATLAB simulations.
According to characteristics of FSO, RF, and the relay-assisted

Fig. 1. Proposed relay-assisted hybrid FSO/RF system.

system it is expected that the proposed structure shows reliable
communication at a wide range of atmospheric turbulence and
population density.

Rest of the paper is organized as follows: In Section 2, the
proposed relay assisted hybrid FSO/RF system model is presented.
Section 3 studies the performance of the fixed gain scheme and
Section 4 studies performance of the adaptive gain scheme. Sec-
tion 5 dedicates to the comparison of analytic and simulation
results, and Section 6 is the conclusion of this paper.

2. System model

Fig. 1 depicts the proposed dual-hop relay-assisted hybrid
FSO/RF system. In this structure, mobile users are connected to
the relay via RF link; the relay is connected to the base station via
FSO link. Among received RF signals, one with the highest Signal
to Noise Ratio (SNR) is selected and then converted to FSO signal
with the conversion efficiency of η; a DC bias with unit amplitude
is added to the FSO signal in order to be positive. This signal is
amplified and forwarded through FSO link, and finally detected
at the base station.

Considering xi; i = 1, 2, . . . ,N as the transmitted RF sig-
nal from ith mobile user, the received signal at the relay be-
comes as follows:

yRF ,i = hixi + eRF ,i, (1)

where hi (the fading coefficient of ith RF path) is complex Gaus-
sian random variable [17]; eRF ,i (relay input noise) is Additive
White Gaussian Noise (AWGN) with zero mean and σ 2

RF variance.
At the relay, received signal with the highest SNR is selected in
the following form:

γRF = max(γRF ,1, γRF ,2, . . . , γRF ,N ). (2)

Received RF signal at the relay is first converted to an electrical
signal (this issue is done by the resonation part of the relay;
resonator converts RF signal to electrical signal but does not
change the frequency); the frequency range of this signal is on the
order of RF frequency. With the help of optical modulators (Mach
Zehnder Modulator should be used, because the RF signal has
Differential Phase Shift Keying (DPSK) modulation, which should
be retained in FSO signal) the electrical signal is then got on an
optical carrier (the frequency of the produced FSO signal is on the
order of optical signals). After conversion from RF signal to FSO
signal, relay adds a unit amplitude DC bias, then amplifies and
forwards it to the base station as follows:

xR = G (1 + ηyRF ) , (3)
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where G is the amplification gain and yRF is selected RF signal.
After DC removal, received FSO signal at the base station becomes
as follows:

yFSO = I2xR + eFSO − I2G = I2Gη (hxi + eRF ) + eFSO, (4)

where I2 is atmospheric turbulence intensity and eFSO (the base
station input noise) is AWGN with σ 2

FSO variance and zero mean.
Instantaneous SNR at base station becomes as [32]:

γFSO/RF =
I22G

2η2h2

I22G2η2σ 2
RF + σ 2

FSO
=

I22η2

σ2
FSO

h2

σ2
RF

I22η2

σ2
FSO

+
1

G2σ2
RF

, (5)

where the signal power is assumed to be unit (E
[
x2i
]

= 1). In
the case of un-known CSI, the received signal is amplified with
fixed gain (G2

= 1/(Cσ 2
RF )) [32], where C is a desired constant

parameter. By substitution of G, γRF = h2/σ 2
RF , and γFSO =

η2I22/σ
2
FSO in (5), instantaneous SNR at base station input for fixed

gain scheme becomes as:

γFSO/RF =
γFSOγRF

γFSO + C
. (6)

If γRF and γFSO tend to infinity, then γFSO/RF ∼= γRF . There-
fore, in fixed gain relaying, at high SNRs, the proposed struc-
ture performs independently at different atmospheric turbulence
regimes. When CSI is known, received signal at the relay would
be amplified with adaptive gain (G2

= 1/(h2
+σ 2

RF )) [32]. Adaptive
gain relaying needs channel estimation but fixed gain scheme
does not. Substituting G, γRF = h2/σ 2

RF , and γFSO = η2I22/σ
2
FSO

in (5), instantaneous SNR at base station input for adaptive gain
scheme becomes:

γFSO/RF =
γFSOγRF

γFSO + γRF + 1
. (7)

If γRF and γFSO tend to infinity, then γFSO/RF ∼= min(γFSO, γRF ).
Therefore, in adaptive gain relaying, at high SNRs, the proposed
structure performs independent of link with lower SNR.

Probability density function (pdf) of Gamma–Gamma distribu-
tion with the effect of pointing errors is as [29]:

fγFSO (γ ) =
ξ 2

2Γ (α) Γ (β) γ
G3,0
1,3

(
αβκ

√
γ

γ FSO

⏐⏐⏐⏐⏐ ξ 2
+ 1

ξ 2, α, β

)
, (8)

where Gm,n
p,q

(
z
⏐⏐⏐a1, a2, . . . , apb1, b2, . . . , bq

)
is Meijer-G function, α, β are pa-

rameters related to Gamma–Gamma atmospheric turbulence in-
tensity, ξ 2 is related to the effect of pointing errors and Γ (.) is
Gamma function [43]. ξ 2

= ωZeq/(2σs) is ratio between equiv-
alent beam diameter and pointing error displacement standard
deviation (jitter) at the receiver. Where σ 2

s is the jitter variance
and ωZeq is equivalent beam radius at the receiver. α, β are

defined as α =

[
exp

(
0.49σ 2

R /(1 + 1.11σ
12
5

R )
7
6

)
− 1

]−1

and β =[
exp

(
0.51σ 2

R /(1 + 0.69σ
12
5

R )
5
6

)
− 1

]−1

, where σ 2
R is the Rytov

variance [29]. Average SNR at the FSO receiver input is γ FSO =

1/σ 2
FSO.
Cumulative Distribution Function (CDF) of Gamma–Gamma

distribution with the effect of pointing error is as follows [29]:

FγFSO (γ ) =
ξ 2

Γ (α) Γ (β)
G3,1
2,4

(
αβκ

√
γ

γ FSO

⏐⏐⏐⏐⏐ 1, ξ 2
+ 1

ξ 2, α, β, 0

)
. (9)

The pdf and CDF of Negative Exponential distribution with
1/λ2 variance and 1/λ mean are respectively as follows:

fγFSO (γ ) =
λ

2
√

γ γ FSO

e
−λ
√

γ
γ FSO . (10)

FγFSO (γ ) = 1 − e
−λ
√

γ
γ FSO . (11)

Fading distribution of ith RF path is Rayleigh and its variance
is assumed to be the same in all paths (γ RF ,i = γ RF ). The pdf of
γRF ,i random variable is as follows [32]:

fγRF ,i (γ ) =
1

γ RF
e−

γ
γ RF . (12)

Integrating the above equation, CDF of γRF ,i random variable
becomes as follows:

FγRF ,i (γ ) = 1 − e−
γ

γ RF . (13)

Using (2), CDF of the entire RF link is as follows:

FγRF (γ ) = Pr
(
max

(
γRF ,1, γRF ,2, . . . , γRF ,N

)
≤ γ

)
= Pr

(
γRF ,1 ≤ γ , γRF ,2 ≤ γ , . . . , γRF ,N ≤ γ

)
. (14)

Assuming independence for RF paths, CDF of the entire RF link
becomes as follows:

FγRF (γ ) =

N∏
i=1

Pr
(
γRF ,i ≤ γ

)
=

N∏
i=1

FγRF ,i (γ ) . (15)

Assuming identical distribution for RF paths, CDF of entire RF
link becomes as follows:

FγRF (γ ) =
(
FγRF ,i (γ )

)N
=

(
1 − e−

γ
γ RF

)N
. (16)

By derivation of (16), pdf of entire RF link becomes as follows:

fγRF (γ ) = N
(
FγRF ,i (γ )

)N−1 fγRF ,i (γ )

=
N

γ RF
e−

γ
γ RF

(
1 − e−

γ
γ RF

)N−1
. (17)

Substituting binomial expansion of
(
1 − e−γ /γ RF

)N−1 as
∑N−1

k=0(
N − 1

k

)
(−1)k e−kγ /γ RF in (17), pdf of entire RF link becomes

as follows:

fγRF (γ ) =
N

γ RF

N−1∑
k=0

(
N − 1

k

)
(−1)k e−

(k+1)γ
γ RF . (18)

3. Performance of fixed gain structure

3.1. Outage probability

The outage occurs when instantaneous SNR comes down be-
low a threshold level (γth). According to this definition, Pout of the
proposed system can be written as follows:

Pout,γFSO/RF (γth) = Pr
(
γFSO/RF ≤ γth

)
= 1 − Pr

(
γ FSO

RF
≥ γth

)
= 1 − Pr

(
γFSOγRF

γFSO + C
≥ γth

)
. (19)

After mathematical simplification, (19) becomes as follows
[27]:

= 1 −

∫
∞

0
Pr
(

γFSO ≥
γthC
x

|γRF

)
fγRF (x + γth) dx. (20)
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Substituting (9) and (18) into (20) and after mathematical
simplification, Pout of the proposed system in Gamma–Gamma at-
mospheric turbulence considering pointing error becomes as fol-
lows:

Pout,γFSO/RF (γth) = 1 −
N

γ RF

N−1∑
k=0

(
N − 1

k

)
(−1)k e−

(k+1)γth
γ RF

×

[∫
∞

0
e−

(k+1)x
γ RF dx −

ξ 2

Γ (α) Γ (β)

∫
∞

0
e−

(k+1)x
γ RF G3,1

2,4

×

(
αβκ

√
γthC
xγ FSO

⏐⏐⏐⏐⏐ 1, ξ 2
+ 1

ξ 2, α, β, 0

)
dx

]
. (21)

Substituting equivalent of G3,1
2,4

(
αβκ

√
γthC
xγ FSO

⏐⏐⏐ 1, ξ 2
+ 1

ξ 2, α, β, 0

)
as

G1,3
4,2(

1
αβκ

√
xγ FSO
γthC

⏐⏐⏐1 − ξ 2, 1 − α, 1 − β, 1
0, −ξ 2

)
[44, Eq. 07.34.17.0012.01]

and by using [44, Eq. 07.34.21.0088.01], Pout of the proposed sys-
tem in Gamma–Gamma atmospheric turbulence with the effect
of pointing errors becomes as follows:

Pout,γFSO/RF (γth) = 1 −

N−1∑
k=0

(
N − 1

k

)
(−1)k

N
k + 1

e−
(k+1)γth

γ RF

×

[
1 −

ξ 22α+β−3

πΓ (α) Γ (β)
× G2,7

9,4

×

(
16γ FSOγ RF

(αβκ)2 γthC (k + 1)

⏐⏐⏐⏐⏐0, 1−ξ2

2 ,
2−ξ2

2 , 1−α
2 , 2−α

2 ,
1−β

2 ,
2−β

2 , 1
2 , 1

0, 1
2 , −

ξ2

2 ,
1−ξ2

2

)]
.

(22)

Substituting (11) and (18) into (20), and after mathematical
simplification, Pout of the proposed system in Negative Exponen-
tial atmospheric turbulence becomes as follows:

Pout,γFSO/RF (γth) = 1 −
N

γ RF

N−1∑
k=0

(
N − 1

k

)
(−1)k e−

(k+1)γth
γ RF

×

∫
∞

0
e−

(k+1)x
γ RF e

−λ

√
γthC
xγ FSO dx. (23)

From [44, Eq. 07.34.17.0012.01] and [44, Eq. 07.34.03.1081.01]
Meijer-G equivalent of e−λ

√
Cγth/(xγ FSO) is equal to 1

√
π
G0,2
2,0

(
4xγ FSOλ

2

γthC
⏐⏐⏐1, 1/2

−

)
. Substituting it and using [44, Eq. 07.34.21.0088.01]

Pout of the proposed system in Negative Exponential atmospheric
turbulence becomes as follows:

Pout,γFSO/RF (γth) = 1 −

N−1∑
k=0

(
N − 1

k

)
(−1)k

N
√

π (k + 1)
e

(k+1)γth
γ RF

× G0,3
3,0

(
4γ FSOγ RF

λ2γthC (k + 1)

⏐⏐⏐⏐⏐ 0,1,12
−

)
. (24)

3.2. Bit error rate

Although MPSK modulations have better BER performance
than DPSK, the DPSK receiver does not require a carrier phase
estimation circuit and has low complexity. Given that Fγ (γ ) =

Pout (γ ), BER of DPSK modulation can be obtained from the fol-
lowing equation [32,45]:

Pe =
1
2

∫
∞

0
e−γ Fγ (γ ) dγ =

1
2

∫
∞

0
e−γ Pout (γ ) dγ (25)

Substituting (22) into (25), BER of DPSK modulation over
Gamma–Gamma atmospheric turbulence considering pointing
error is equal to:

=
1
2

∫
∞

0
e−γ

{
1 −

N−1∑
k=0

(
N − 1

k

)
(−1)k

N
k + 1

e
(k+1)γ

γ RF

×

[
1 −

ξ 22α+β−3

πΓ (α) Γ (β)
× G2,7

9,4

×

(
16γ FSOγ RF

(αβκ)2 γ C (k + 1)

⏐⏐⏐⏐⏐0, 1−ξ2

2 ,
2−ξ2

2 , 1−α
2 , 2−α

2 ,
1−β

2 ,
2−β

2 , 1
2 , 1

0, 1
2 ,

−ξ2

2 ,
1−ξ2

2

)]
dγ

}
.

(26)

Substituting equivalent of

G2,7
9,4

(
16γ FSOγ RF

(αβκ)2γ C(k+1)

⏐⏐⏐0, 1−ξ2

2 ,
2−ξ2

2 , 1−α
2 , 2−α

2 ,
1−β

2 ,
2−β

2 , 1
2 , 1

0, 1
2 ,

−ξ2

2 ,
1−ξ2

2

)
as

G7,2
4,9

(
(αβκ)2γ C(k+1)

16γ FSOγ RF

⏐⏐⏐ 1, 1
2 ,

2+ξ2

2 ,
1+ξ2

2

1, 1+ξ2

2 ,
ξ2

2 , 1+α
2 , α

2 ,
1+β

2 ,
β

2 , 1
2 , 0

)
[44, Eq. 07.34.17.0012.01] and using [44, Eq. 07.34.21.0088.01]
BER of DPSK modulation over Gamma–Gamma atmospheric tur-
bulence with the effect of pointing error becomes equal to:

Pe =
1
2

{
1 −

N−1∑
k=0

(
N − 1

k

)
(−1)k

N
k + 1

1
1 +

k+1
γ RF

×

[
1 −

ξ 22α+β−3

πΓ (α) Γ (β)
G7,3
5,9

×

(
(αβκ)2 C (k + 1)

16γ FSO
(
γ RF + k + 1

) ⏐⏐⏐⏐⏐ 0, 1, 1
2 ,

2+ξ2
2 ,

1+ξ2
2

1, 1+ξ2
2 ,

ξ2
2 , 1+α

2 , α
2 ,

1+β

2 ,
β

2 , 1
2 , 0

)]}
.

(27)

Substituting (24) into (25), BER of negative exponential atmo-
spheric turbulence is equal to:

Pe =
1
2

∫
∞

0
e−γ

{
1 −

N−1∑
k=0

(
N − 1

k

)
(−1)k

N
√

π (k + 1)
e

(k+1)γ
γ RF

× G0,3
3,0

(
4γ FSOγ RF

λ2γ C (k + 1)

⏐⏐⏐⏐⏐0, 1, 1
2

−

)}
dγ . (28)

Substituting equivalent of G0,3
3,0

(
4γ FSOγ RF

λ2γ C(k+1)

⏐⏐⏐0, 1, 0.5
−

)
as G3,0

0,3(
λ2γ C(k+1)
4γ FSOγ RF

⏐⏐⏐ −

1, 0, 0.5

)
[44, Eq. 07.34.17.0012.01] and using [44,

Eq. 07.34.21.0088.01], BER of Negative Exponential atmospheric
turbulence is equal to:

Pe =
1
2

{
1 −

N−1∑
k=0

(
N − 1

k

)
(−1)k

N
√

π (k + 1)
1

1 +
k+1
γ RF

G3,1
1,3

×

(
4γ FSOγ RF

λ2γ C (k + 1)

⏐⏐⏐⏐⏐ 0
1, 0, 1

2

)}
. (29)

4. Performance of adaptive gain structure

4.1. Outage probability

(7) can be approximated as [32]:

γFSO/RF =
γFSOγRF

γFSO + γRF + 1
∼= min (γFSO, γRF ) . (30)

The CDF of γFSO/RF random variable equals with [46]:

FγFSO/RF (γ ) = FγRF (γ ) + FγFSO (γ ) − FγRF (γ ) FγFSO (γ ) . (31)
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Given that Pout (γth) = Fγ (γth), substituting (9) and (16) in (31),
Pout of Gamma–Gamma atmospheric turbulence with the effect of
pointing the error is equal to:

Pout,γFSO/RF (γth)

=

(
1 − e−

γth
γ RF

)N
+

ξ 2

Γ (α) Γ (β)
G3,1
2,4

(
αβκ

√
γth

γ FSO

⏐⏐⏐⏐⏐ 1, ξ 2
+ 1

ξ 2, α, β, 0

)

−
ξ 2

Γ (α) Γ (β)

(
1 − e−

γth
γ RF

)N
G3,1
2,4

(
αβκ

√
γth

γ FSO

⏐⏐⏐⏐⏐ 1, ξ 2
+ 1

ξ 2, α, β, 0

)
. (32)

Given that Pout (γth) = Fγ (γth), by substituting (11) and (16)
into (31), Pout of Negative Exponential atmospheric turbulence is
equal to:

Pout,γFSO/RF (γth) =

(
1 − e−

γth
γ RF

)N
+

(
1 − e

−λ
√

γth
γ FSO

)
−

(
1 − e−

γth
γ RF

)N (
1 − e

−λ
√

γth
γ FSO

)
. (33)

4.2. Bit error rate

By substituting (32) in (25), BER of DPSK modulation over
Gamma–Gamma atmospheric turbulence considering pointing
errors equals with:

Pe =
1
2

∫
∞

0
e−γ

{(
1 − e−

γ
γ RF

)N
+

ξ 2

Γ (α) Γ (β)
G3,1
2,4

(
αβκ

√
γth

γ FSO

⏐⏐⏐⏐⏐ 1, ξ 2
+ 1

ξ 2, α, β, 0

)

−
ξ 2

Γ (α) Γ (β)

(
1 − e−

γ
γ RF

)N
G3,1
2,4

(
αβκ

√
γth

γ FSO

⏐⏐⏐⏐⏐ 1, ξ 2
+ 1

ξ 2, α, β, 0

)}
dγ .

(34)

Substituting the binomial expansion of
(
1 − e−γ /γ RF

)N as
∑N

k=0(
N
k

)
(−1)k ekγ /γ RF , and using [44, Eq. 07.34.21.0088.01] BER of

DPSK modulation over Gamma–Gamma atmospheric turbulence
with the effect of pointing errors equals with:

Pe =
1
2

{
ξ 22α+β−3

πΓ (α) Γ (β)
G6,3
5,8

(
(αβκ)2

16γ FSO

⏐⏐⏐⏐⏐ 0, 1, 1
2 ,

1+ξ2

2 ,
2+ξ2

2
ξ2

2 ,
1+ξ2

2
α
2 , 1+α

2 ,
β

2 ,
1+β

2 , 0, 1
2

)

+

N∑
k=0

(
N
k

)
(−1)k

1
1 +

k
γ RF

×

[
1 −

ξ 22α+β−3

πΓ (α) Γ (β)
G6,3
5,8

(
(αβκ)2

16γ FSO

⏐⏐⏐⏐⏐ 0, 1, 1
2 ,

1+ξ2

2 ,
2+ξ2

2
ξ2

2 ,
1+ξ2

2
α
2 , 1+α

2 ,
β

2 ,
1+β

2 , 0, 1
2

)]}
.

(35)

Substituting (33) into (25), BER of DPSK modulation over Neg-
ative Exponential atmospheric turbulence equals with:

Pe =
1
2

∫
∞

0
e−γ

{(
1 − e−

γ
γ RF

)N
+

(
1 − e

−λ
√

γ
γ FSO

)
−

(
1 − e−

γ
γ RF

)N (
1 − e

−λ
√

γ
γ FSO

)}
dγ . (36)

Substituting the binomial expansion of
(
1 − e−γ /γ RF

)N and

Meijer-G equivalent of e−λ
√

γ /γ FSO as 1
√

π
G2,0
0,2

(
λ2γ /4γ FSO

⏐⏐⏐ −

0, 1
2

)
and using [44, Eq. 07.34.03.1081.01] BER of DPSK modulation over
negative exponential atmospheric turbulence equals with:

Pe =
1
2

{
1 −

1
√

π
G2,1
1,2

(
λ2

4γ FSO

⏐⏐⏐⏐⏐ 0
0, 1

2

)
+

N∑
k=0

(
N
k

)
(−1)k

Fig. 2. Outage probability of proposed structure in terms of average SNR for
moderate (α = 4, β = 1.9, ξ = 10.45) and strong (α = 4.2, β = 1.4, ξ = 2.45)
regimes of Gamma–Gamma atmospheric turbulence with the effect of pointing
error when N = 2 and γth = 10 dB, for fixed and adaptive gain schemes.

1
1 +

k
γ RF

1
√

π
G2,1
1,2

⎛⎝ λ2

4γ FSO

(
1 +

k
γ RF

) ⏐⏐⏐⏐⏐ 0
0, 1

2

⎞⎠⎫⎬⎭ . (37)

5. Numerical results

In this section analytic and MATLAB simulation results for
performance investigation of proposed hybrid, FSO/RF system are
compared. The RF link has Rayleigh fading and FSO link has
Gamma–Gamma distribution with the effect of pointing errors (in
moderate to strong regime) and Negative Exponential distribu-
tion (in saturate regime). Average SNR at FSO and RF receivers
are considered to be equal (γ FSO = γ RF = γavg ). The N is number
of users, γth is outage threshold SNR, η = 1, and C = 1 (in fixed
gain structure).

In Fig. 2 outage probability of proposed structure is plotted
in terms of average SNR for moderate (α = 4, β = 1.9, ξ =

10.45) and strong (α = 4.2, β = 1.4, ξ = 2.45) regimes
of Gamma–Gamma atmospheric turbulence with the effect of
pointing error when N = 2 and γth = 10 dB, for fixed and
adaptive gain schemes. As can be seen, in γavg = 30 dB, at differ-
ent target Pout , difference of γavg between moderate and strong
regimes in the adaptive gain scheme is less than 4 dB and in
the fixed gain scheme is less than 3 dB. This difference increases
by reducing Pout . Therefore, at low γavg , the proposed structure
performs almost independent of atmospheric turbulence inten-
sity. Hence, it is suitable for mobile communications, in which
a small mobile battery should supply transmitter power (note
that the received γavg in these systems is). As a result, it is not
required to have adaptive processing in the proposed structure
to maintain performance, and this reduces cost, complexity, and
power consumption. The Pout of fixed gain relaying is less than
adaptive gain relaying. Because fixed gain relaying (regardless of
the channel conditions) selects high amplification gain to have
the favorable performance at all channel conditions. But adaptive
gain relaying, selects the amplification gain based on CSI (actually,
it does not amplify the signal so much). Generally speaking,
in moderate channels (favorable channel conditions), fixed gain
relaying waste most of the consumed power.

In Fig. 3 outage probability of proposed structure is plotted
in terms of average SNR for different number of users (N) in
moderate (α = 4, β = 1.9, ξ = 10.45) regime of Gamma–
Gamma atmospheric turbulence with the effect of pointing error
when γth = 10 dB for fixed and adaptive gain schemes. As can
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Fig. 3. Outage probability of proposed structure in terms of average SNR for
different number of users (N) for moderate (α = 4, β = 1.9, ξ = 10.45) regime
of Gamma–Gamma atmospheric turbulence with the effect of pointing error
when γth = 10 dB, for fixed and adaptive gain schemes.

Fig. 4. Outage probability of the proposed structure is plotted in terms of
average SNR for different variances (1/λ2) of Negative Exponential atmospheric
turbulence when N = 2 and γth = 10 dB for fixed and adaptive gain schemes.

be seen, the performance of the proposed system in the adaptive
gain scheme is not so much sensitive to the number of users, but
in fixed gain, the system is sensitive to the number of users. In
dense population areas, many independent RF paths exist; hence,
the probability of falling the received SNR below γth is much
smaller than this probability for low population areas. By in-
creasing γavg , the performance of adaptive gain relaying becomes
almost independent of the number of users. This is an advantage
for the proposed system because this structure could be used in
areas where there is no direct RF link between user and base
station (usually these areas are low populated). In fixed gain,
system performance in dense population areas is much better,
because its gain does not change according to channel conditions
and at the different number of users a fixed gain is considered for
relaying.

In Fig. 4 outage probability of the proposed structure is plot-
ted in terms of average SNR for different variances (1/λ2) of
Negative Exponential atmospheric turbulence when N = 2 and
γth = 10 dB for fixed and adaptive gain schemes. In this system,
there are two users within the cell, as can be seen, at different
target Pout , the difference of γavg between various variances of
Negative Exponential atmospheric turbulence is the same. For
example, when Pout ≤ 0.5, the difference of γavg between cases of

Fig. 5. Outage probability of proposed structure in terms of average SNR for
the different number of users for Negative Exponential atmospheric turbulences
with unit variance when γth = 10 dB, for fixed and adaptive gain schemes.

Fig. 6. Bit Error Rate of the proposed system in terms of average SNR for
moderate (α = 4, β = 1.9, ξ = 10.45) and strong (α = 4.2, β = 1.4, ξ = 2.45)
regimes of Gamma–Gamma atmospheric turbulence with the effect of pointing
error when N = 2, for fixed and adaptive gain schemes.

λ = 1 and λ = 5, in fixed gain is about 7 dB and in adaptive gain
is about 13 dB. This affects the power consumption of the system
because at any γavg , adding a constant fraction of consumed
power maintains system performance at various variances.

In Fig. 5 outage probability of proposed structure is plotted
in terms of average SNR for the different number of users (N) for
Negative Exponential atmospheric turbulences with unit variance
when γth = 10 dB for fixed and adaptive gain schemes. Perfor-
mance of fixed gain relaying is sensitive to the number of users
and dense population areas have better performance because
users face independent atmospheric turbulences; therefore, it
would be highly probable to find a user with favorable SNR.

In Fig. 6 Bit Error Rate of the proposed system is plotted in
terms of average SNR for moderate (α = 4, β = 1.9, ξ = 10.45)
and strong (α = 4.2, β = 1.4, ξ = 2.45) regimes of Gamma–
Gamma atmospheric turbulence with the effect of pointing error
when N = 2 for fixed and adaptive gain schemes. It can be
seen when γavg ≤ 10 dB, the link is virtually disrupted. Also,
at low γavg , the performance of the proposed system in different
atmospheric turbulence regimes does not differ so much, but by
increasing γavg this difference increases. The behavior of the sys-
tem in fixed gain and adaptive gain schemes, for both moderate
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Fig. 7. Bit Error Rate of the proposed structure in terms of average SNR
for different variances (1/λ2) of Negative Exponential atmospheric turbulences
when N = 2 for fixed and adaptive gain schemes.

Fig. 8. Bit Error Rate of the proposed structure in terms of average SNR for
different number of users (N) for Negative Exponential atmospheric turbulence
with unit variance for fixed and adaptive gain schemes.

and strong atmospheric turbulence regimes, is almost the same
when γavg is low, i.e. the system acts independent of atmospheric
turbulence regime. At low γavg , the noise effect is so much high
but at high γavg , its effect becomes negligible.

In Fig. 7 Bit Error Rate of the proposed structure in terms of
average SNR for different variances (1/λ2) of Negative Exponen-
tial atmospheric turbulence when N = 2 for fixed and adaptive
gain schemes. As can be seen, amplify and forward with fixed gain
has better performance than adaptive gain. In the adaptive gain
scheme, relay gain changes according to channel condition, but
in fixed gain structure, relay gain is fixed and adjusted according
to the worst case condition.

In Fig. 8 Bit Error Rate of the proposed structure is plotted in
terms of average SNR for different number of users for Negative
Exponential atmospheric turbulence with unit variance for fixed
and adaptive gain schemes. It can be seen that in fixed gain
structure, when N = 1, at Pe = 0.1, γavg increases about 2 dB. In
the adaptive gain scheme at γavg = 30 dB, there is little difference
in BER of the proposed system for different number of users, but
since then the system performs independent of the number of
users. Environments like seas mostly experience Negative Expo-
nential atmospheric turbulence. Usually, there are few numbers
of users in these places, therefore, a communication system is
convenient for these areas that performs independent of number
of users.

In Fig. 9, the outage probability of the proposed system at
different atmospheric turbulence, for both cases of (a) fixed gain
and (b) adaptive gain, when γth = 10 dB, and N = 2. In this plot
fixed gain and adaptive gain are plotted separately (because they
were close to each other, they should be plotted separately). From
this figure (without considering legends), it could be guessed
which plot is related to which turbulence, because Log-Normal,
Gamma–Gamma, and Negative Exponential distributions could
model weak, weak to strong, and saturate regimes, respectively.
It can be seen that the proposed structure at all SNRs performs
favorably at all atmospheric turbulence intensities.

Fig. 10 plots the outage probability of the proposed structure
for adaptive gain relaying, considering actual value for received
SNR (Eq. (7)), and its approximation (min (γFSO, γRF )), for Gamma–
Gamma (α = 4, β = 1.9), and Negative Exponential (λ =

1) atmospheric turbulence. In this paper, both fixed gain and
adaptive gain relaying schemes are studied over dual-hop FSO/RF

Fig. 9. Outage Probability of the proposed system at different atmospheric turbulence, for both cases of (a) fixed gain and (b) adaptive gain, when γth = 10 dB, and
N = 2.
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Fig. 10. Outage Probability of the proposed structure for adaptive gain relaying,
considering actual value for received SNR (Eq. (7)), and its approximation
(min (γFSO, γRF )), for Gamma–Gamma (α = 4, β = 1.9), and Negative Exponential
(λ = 1) atmospheric turbulence.

Fig. 11. Outage Probability of FSO system presented in [47], and the proposed
adaptive gain/fixed gain structure of this paper, for moderate (α = 4, β =

1.9, ξ = 10.45) and strong (α = 4.2, β = 1.4, ξ = 2.45) regimes of Gamma–
Gamma atmospheric turbulence with the effect of pointing error, when number
of users is N = 1.

system. For the fixed gain case, exact closed-form results in terms
of the Meijer-G function are derived. However, in the case of
adaptive gain relaying, we have approximated the end-to-end
SNR by the minimum of the instantaneous SNRs of the two hops
as given by paragraph after Eq. (7), and the system performance
metrics are derived based on the simplified expression which is
min(γFSO, γRF ) in this paper.

In simulations, the obtained results are illustrated based on
min (γFSO, γRF ) in the case of adaptive gain relaying which is
logical since the aim of the Monte-Carlo simulations is to validate
and check the accuracy of the derived analytical expressions.

Fig. 11 plots Outage Probability of FSO system presented
in [47], and the proposed adaptive gain/fixed gain structure of
this paper, for moderate (α = 4, β = 1.9, ξ = 10.45) and
strong (α = 4.2, β = 1.4, ξ = 2.45) regimes of Gamma–Gamma
atmospheric turbulence with the effect of pointing error, when
number of users is N = 1. In [47], a single user FSO structure
is investigated at Gamma–Gamma atmospheric turbulence with
the effect of pointing error. It would be interesting to compare

proposed hybrid FSO/RF structures of this paper with the FSO
structure of [47]. In order to have a fair comparison, number of
users is assumed to be N = 1 (because [47] is single user FSO),
and the channel model is assumed to be Gamma–Gamma atmo-
spheric turbulence with the effect of pointing error (because [47]
assumed this channel model). Consider FSO structure of [47], add
a relay (adaptive gain or fixed gain) in the middle of this link;
this is the proposed structure of this paper. Fig. 11, shows the
difference between these FSO and FSO/RF structures. In fact the
proposed structure should have a better performance, because it
is a hybrid FSO/RF structure and an amplification is made in it by
the relay.

6. Conclusion

In this paper, a multi-user relay-assisted hybrid FSO/RF com-
munication system is presented. In this system, a relay com-
municates with mobile users through a multi-user RF link and
communicates with base station through an FSO link. This struc-
ture is especially recommended for areas that RF connection
between the mobile user and the base station disrupts due to
channel conditions. Closed form expressions are derived for BER
and Pout of the proposed system for both fixed and adaptive
gain schemes and MATLAB simulation results, verified accuracy
of these expressions. It is shown that fixed gain, despite low
complexity but because of more power consumption, has better
performance. Adaptive gain relaying has low sensitivity to the
number of users, but fixed gain is more sensitive. Overall, it can
be concluded that in places with saturate atmospheric turbu-
lence, because of the importance of power and the number of
users, the adaptive gain structure is suggested and in moderate
to strong atmospheric turbulence, depending on power or sys-
tem performance requirement, fixed or adaptive gain would be
deployed.
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